The abundance and lithic content of ice rafted detritus in glacial North Atlantic sediment cores vary abruptly on millennial time scales that have been correlated to Dansgaard-Oeschger cycles in the Greenland ice cores. There is growing evidence that various ice sheet outlets contributed increased iceberg fluxes at multiple discrete intervals, and the relative timing of iceberg discharges from different sources is important for understanding interactions between oceans and ice sheets. We present a provenance study based on 40 
INTRODUCTION
Ice rafting was an important depositional process in the North Atlantic during glacial cycles of the Pleistocene. The distribution of ice rafted detritus in the North Atlantic has been used to infer the major sources of icebergs and the general pattern of surface circulation and has confirmed a similar pattern for glacial and interglacial times with a southward shift in the locus of melting related to colder surface water in glacial times (Ruddiman, 1977; Grousett et al., 1993; Dowdeswell et al., 1995; Robinson et al., 1995) .
Heinrich layers are distinctively rich in ice rafted detritus and poor in foraminifera (Heinrich, 1988; Broecker et al., 1992 Broecker et al., , 1993 Bond et al., 1992 Bond et al., , 1993 McManus et al., 1998) . They have strong ties to regional and perhaps global abrupt climate changes (e.g., Broecker, 1994) . In the intervals between the Heinrich layers, considerable additional variability throughout the glacial interval is reported for the abundance of ice rafted detritus, for which there is petrographic evidence for varying sources (Bond and Lotti, 1995; Bond et al., 1999) .
Detailed studies of ice rafting, in conjunction with other evidence for changes in the ocean-atmosphere-ice system in the North Atlantic, provide insights into processes that control climate (Keigwin and Lehman, 1994; Maslin et al., 1995; Cortijo et al., 1997; Vidal et al., 1997; Andrews, 1998; Elliot et al., 1998; Bond et al., 1999) . These studies have shown that ice rafting events generally occur during cold spells, as indicated by faunal counts in the open Atlantic Ocean (e.g., Bond et al., 1993; Bond and Lotti, 1995) , and that major ice rafting events marked by Heinrich layers are associated with lowered salinity of surface water and a decrease in production of North Atlantic deep water. However, reported that periods of enhanced ice rafting in the North Atlantic are related to periods of glacier retreat in the southeastern Laurentide ice sheet.
Here we use 40 Ar/ 39 Ar ages of individual hornblende grains to infer sources for glacial ice that floated to the southern Labrador Sea. Samples were taken approximately at 5-cm intervals between 15 and 110 cm, roughly from Heinrich layer H2 to the Younger Dryas (22,000 to 10,500 yr B.P.), from core EW9303-GGC31 (50. 57°N, 46.35°W, 1796 m) , on the top of Orphan Knoll (Fig. 1) . This core has good stratigraphic ( Fig. 2 ) and chronological control (Bond and Lotti, 1995) that indicate a fairly constant sedimentation rate of ca. 7 cm per 10 3 yr during the interval between 10,000 and 40,000 14 C yr B.P. (Bond and Lotti, 1995) . The core is well situated to monitor ice rafted detritus contributed by icebergs entering the North Atlantic from the Labrador Sea. High-resolution petrological counts of detrital carbonate (Hudson Strait) and hematite stained (Newfoundland margin) grains indicate variability of ice rafted sources in the core (Bond and Lotti, 1995) . Furthermore, Bond and Lotti (1995) demonstrated that the content of detrital carbonate grains is greatly increased from near zero to 20 -30% in the core during Heinrich events (Fig. 2) , providing further evidence that detrital carbonate was carried by icebergs from the Labrador Sea during Heinrich events and the Younger Dryas Bond et al., 1992; Broecker et al., 1992) . A double peak in detrital carbonate at about 14,000 14 C yr B.P. is similar to the one documented by Andrews and Tedesco (1992) offshore from the Hudson Strait.
ANALYTICAL PROCEDURES
Samples were dried and weighed and then disaggregated and washed through a 63-m sieve. Weights of Ͼ63-and Ͻ63-m fractions were recorded (Table 1) . Samples were also passed through a 150-m sieve, and numbers of foraminifera and lithic grains from the Ͼ150-m fraction were recorded. Foraminifera counts were further subdivided into counts of Neogloboquadrina pachyderma (s.) and others. The percentage of the 63-to 150-m lithic fraction composed of detrital carbonate was documented to monitor the position of the Heinrich layers. Hornblende was hand-picked from the Ͼ150-m fraction by selecting black to dark-green minerals with cleaved surfaces. Further refinement was made by examining the Ca/K ratio from the 40 Ar/ 39 Ar analysis, and samples with ratios less than one or greater than 40 were not considered in this study, but were designated as biotite or pyroxene, respectively.
At least 12 individual hornblende grains were analyzed per sample, except for the 65-cm sample where only 5 grains were found (Table 2 ; Appendix). Single-step laser fusion 40 Ar/ 39 Ar analyses for individual grains was made at the Lamont-Doherty Ar geochronology lab and the Berkeley Geochronology Center. Samples were irradiated in the Cd-lined, in-core facility (CLICIT) at the Oregon State reactor. J values to normalize for neutron flux were calculated from analyses of coirradiated Fish Canyon sanidine and Mmhb hornblende, assuming ages of 27.84 and 520.5 myr, respectively (Cebula et al., 1986; Samson and Alexander, 1987) . At Lamont, single grains were heated with a CO 2 laser. At Berkeley, single grains were heated with an Ar ion laser having a defocused, 2-mm-wide beam. Ages for each step were calculated from Ar isotope ratios corrected for mass discrimination, interfering nuclear reactions, procedural blanks, and atmospheric Ar contamination. Details of the procedures for irradiation and analysis, and values used to correct for interfering nuclear reactions, are similar to those given by Renne (1995) and to those used for Heinrich layer hornblende grains by Hemming et al. (1998) .
RESULTS
Hornblende ages were grouped and given the names of corresponding North American crystalline basement terrains (Table 2) : "Appalachian" (200 -600 myr), "Grenville" (850 -1200 myr), "Churchill" (1600 -2000 myr), "Superior" (2400 -2800 myr), and "other" (younger, older, and in between these intervals). These categories are taken from Clark and Stearn (1968, Fig. 16-11) . Grains whose ages do not correspond to one of these intervals are classified as "other" in Table 2 . Hornblende grains with ages between 1900 and 2500 myr are most likely samples from incompletely degassed Paleoproterozoic metamorphic terrains or contain excess 40 Ar. Likewise samples between 600 and 850 myr may be from Paleozoic metamorphic terrains with such complications. Plutons with ages between 1100 and 1650 myr belong largely to the Nain plutonic Suite (Emslie et al., 1994; 21 grains are from this time interval) in eastern Labrador (Fig. 1) , and it is considered that these may be real ages. Alternatively, they could be complicated grains such as those described above.
The dominance of Paleoproterozoic hornblende ages from Heinrich layers H2 and H1 ( Fig. 1D and Fig. 2 ) and the sharp increase in detrital carbonate (Fig. 2) are consistent with provenance information derived from previous studies Bond et al., 1992; Gwiazda et al., 1996b) . Additionally, the ice rafted detritus in the Younger Dryas interval has a large detrital carbonate content see also Fig. 2 ) as well as a dominance of Paleoproterozoic hornblende grains. The detrital carbonate peaks are coincident with intervals of abundant ice rafted detritus (IRD; Fig.  2 ) and low numbers of foraminifera per gram (Table 1) . Two additional high-IRD, low-foraminifera peaks are found between H2 and H1 (Fig. 2) . These in-between peaks are not associated with increase in detrital carbonate contents but do correspond to increased abundance of hematite stained grains and possibly Grenvillian hornblende grains. Small peaks of Icelandic glass are found just after H2 and just before the Younger Dryas interval. The most prominent feature is the big decline in "Churchill" grains and concomitant increase in "Grenville" and "Appalachian" grains between H2 and H1 ( Figs. 1 and 2 Bond and Lotti (1995) and include more recent, unpublished data from G. Bond. Ages from Bond and Lotti (1995) include a 400-y reservoir correction.
FIG. 1. (A)
Map of the western North Atlantic and Labrador Sea (NF is Newfoundland, GSL is Gulf of St. Lawrence, and some geographic labels are shown in C). Shorelines and bathymetric contours are from Keen and Williams (1987) . Geology is modified from a map of major basement terranes with characteristic 40 Ar- 39 Ar ages in the North Atlantic (Escher and Pulvertaft, 1987; Hoffman, 1989; Gwiazda et al., 1996b) . The likely extent of the eastern Laurentide ice sheet at 18,000 14 C yr B.P. is shown as the heavy black line with hachures pointing toward the ice (Dyke and Prest, 1987 ). An alternative limit, with the ice extended to the edge of the Grand Banks (e.g., Jacobs, 1990) , is dashed. The late Wisconsin ice limit around Greenland, from Funder and Larsen (1989, Fig. 13 
AGES OF HORNBLENDE GRAINS FOR LAURENTIDE SOURCES OF ICEBERG DISCHARGES

DISCUSSION
Ice limits, water depths, and ocean currents are key to interpreting the pattern of hornblende ages in the ice rafted detritus from Orphan Knoll (Fig. 1) . Bathymetry is an important control on the mostly likely path that icebergs will follow, both because of the control on surface currents and because large icebergs will be grounded in shallow water. Due to the shallow depth of the straits, icebergs launched north of the Davis Strait will most likely melt and deposit detritus into Baffin Bay and not into the Labrador Sea, and those launched north of the Denmark Strait on the east side of Greenland will most likely deposit most of their detritus in the Nordic Seas . The precise locations of surface currents would have been different due to the lower sea level in glacial times. For example, the Labrador Surface current flows along the 200-m contour today, but likely would not have during glacial times . However, the general pattern of surface circulation today ( Fig. 1 ) and during glacial times (Ruddiman, 1977) would appear to preclude Laurentide sources south of Orphan Knoll as likely contributors to ice rafted detritus at this site. The ice margin at 18,000 yr B.P. was near the (present day) 500-m isobath along the Labrador and Newfoundland coast at 18,000 yr B.P. (Fig. 1A) , and thus icebergs from these margins would have had easy access to the open ocean. During the time interval between H2 and H1, a mixture of sources from the Canadian and Greenland sides of the Labrador Sea would be most likely, but sources from eastern Greenland cannot be eliminated at times when ice rafting flux is reduced around the Labrador Sea (see current pattern in Fig. 1C ). However, during the interval between H1 and the Younger Dryas, after 14,000 yr B.P., the southeastern Laurentide ice sheet was mostly removed from the shelf (Fig. 1B) , and sources from Baffin Island or farthertraveled sources are likely to have been dominant. Although southern Greenland has a large extent of very ancient crust (Ͼ3 byr), much of it has been reworked by metamorphism during the Late Archean as well as the Paleoproterozoic (Escher and Pulvertaft, 1995) , and thus the dominant age of hornblende grains from southern Greenland is expected to be Paleoproterozoic.
The variation of hornblende sources in core GGC31 highlights the potential for using high-resolution provenance records in marine sediments to evaluate the former extent of ice sheets. For Josenhans and Lehman, 1999) . Gwiazda et al. (1996a, b) tested the possibility of additional contributions from the Gulf of St. Lawrence region in core V23-14, directly in the path of icebergs that would have emerged from the Gulf of St. Lawrence ( Fig. 1 ) and found no evidence to support other than a Churchill province (i.e., Hudson Strait) source. Volcanic glass is derived from Iceland, and hematite stained grains at Orphan Knoll are likely derived from the Newfoundland margin (Bond and Lotti, 1995) . Orphan Knoll represents an intermediate site where integrated sources from a large region are represented, but sources from the eastern side of the Atlantic Ocean are unlikely to be significant contributors. Collectively, Labrador Sea glaciomarine deposits represent the major sources in the northwestern sector of the Atlantic Ocean and Ruddiman's (1977) belt of ice rafted detritus (Matsumoto, 1997) . Provenance work on glaciomarine deposits near major ice outlets in the Labrador Sea (Hodgson and Vincent, 1984; Dyke and Prest, 1987; Funder, 1989; Reeh, 1989; Fulton, 1989; Jacobs, 1990; Aksu and Hiscott, 1992; Dalrymple et al., 1992; Andrews et al., 1995 Andrews et al., , 1999 Wang and Hesse, 1996; Pfeffer et al., 1997; Hesse et al., 1997 Hesse et al., , 1999 Dyke, 1987) will allow a more detailed characterization of Labrador Sea contributions to the North Atlantic (e.g., Barber et al., 1998) . In this study we have identified a considerable change in provenance between H2 and H1 at the southern end of the Labrador Sea, and this approach may yield a link between land and sea records of glaciation (e.g., .
CONCLUSION
Analyses of 409 individual hornblende grains from 20 samples taken at roughly 600 or 700 yr spacing, between 22,000 and 10,500 yr B.P., indicate an overall dominance of Paleoproterozoic grains from icebergs exiting the Labrador Sea during Heinrich layers H2 and H1 and a greater input from Grenville and Appalachian sources between Heinrich layers H2 and H1. This change in provenance indicates an important contribution of iceberg calving from sources along the southwestern coast of the Labrador Sea between these Heinrich events. After H1, the fraction of Paleoproterozoic grains remained high, perhaps from a Baffin Island (or Greenland?) source. These results highlight the dynamic nature of iceberg contributions to the western North Atlantic sector during the late Quaternary. Furthermore, by analogy with the large Grenville and Appalachian contributions during the last glacial maximum, provenance of ice rafted debris may be used to identify other times during the Pleistocene when the Laurentide ice sheet was sufficiently expanded to shed abundant icebergs from the Labrador and Newfoundland coast. 
APPENDIX-Continued
a Categories are (a) Appalachian, (g) Grenville, (c) Churchill, (s) Superior, and (o) other.
